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This work discusses the fabrication of polylactic acid (PLA)/nano chitosan
(nCHS) composite fibers by electrospinning method for Cd2+ metal ion adsorp-
tion from water. Here nCHS was synthesized by ionic gelation method and
which is used as a reinforcement for PLA. The scanning electron microscopic
analysis revealed that the addition 0.1 wt% nCHS has decreased the fiber diam-
eter as well as the secondary pore size and hence imparted unique properties
to electrospun composite fibers. The positive zeta potential values for the com-
posites indicated their higher stability, though; the inclusion of nCHS reduced
the crystallinity of the neat membranes. The contact angle measurements
showed that the hydrophilicity of the composite was increased up to 0.1 wt%
nCHS, and hence the surface energy was increased. Inverse gas chromatogra-
phy results suggested that the basic character of the composites has intensified
with the increase in nCHS addition. The adsorption capacity of the neat
electrospun PLA and PLA–nCHS composites for Cd2+ ions were investigated
and studies revealed that adsorption capacity of the composite was two times
faster (approximately 70%) in comparison with neat PLA fibers. The increase
in surface area as well as presence nCHS improved the adsorption capacity of
the electrospun membrane.
1 | INTRODUCTION
Nano materials are finding renewed interest due to their
novel properties, which are not seen in their conventional
micro state counterparts. They are used in advanced appli-
cations in the fields of catalysis, medicine, electronics,
optics, and membranes.[1–4] Nowadays, membranes are
highly utilized in waste treatment and water purification
applications.[5] The membranes can serve as a barrier in
separating two distinct phases under pressure or concen-
tration gradient, when in contact, and can transport one of
the phases across the other.[6] Electrospinning is one of
the simplest and cheapest method to make nano-porous
polymer membranes and offers a large surface area-to-
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volume ratio, high porosity, and small pore size in the
electrospun non-woven mats, and could be employed for
filtration, sensors, electrode materials, drug delivery, cos-
metics, and tissue scaffolding.[7–10]
Traditionally, electrospun nanofibers are prepared
from both natural and synthetic polymers, however, the
growing concerns surrounding sustainability, biodegrad-
ability, and other environmental problems drives strong
demand for natural polymers as an alternative to petro-
leum based feed stocks.[11] Today, biodegradable polymers
such as, polylactic acid (PLA), poly(glycolide), and
poly(lactide-co-glycolide) etc., have drawn pronounced
attention due to their high potential for biomedical appli-
cations, such as surgical sutures, drug carriers, tissue scaf-
folds, and implants for interior bone fixation.[12–14]
Polylactic acid is one of the most extensively researched,
biodegradable thermoplastic polymers, which exhibit bet-
ter mechanical strength than any other biopolymers, and
degrades by de-esterification mechanism.[15,16] It has been
used to make membranes by electrospun method using a
variety of solvents.[17] However, the low stiffness of these
electrospun fibers made it unwieldy to handle and may
affect the processing techniques. Such type difficulties
can be rectified by the incorporation of nano-reinforce-
ments, and is a promising platform for advanced envi-
ronmental applications, such as liquid filtration and
particulate separation for water treatment and environ-
mental remediation, respectively.[18] The addition of dis-
tinct types of nano scale materials such as nano clay,
carbon nano tubes, chitosan etc., with electrospun PLA
fibers can tailor their properties for specific end uses
such as packaging, biomedicals, and purification etc.
Among them, chitosan is widely accepted for advanced
biomedical and environmental applications (reference)
due to its non-toxicity and barrier properties.[19,20]
Chitosan, the linear co-polymer of N-acetylglucosamine
(GlcNAc) and glucosamine (GlcN) residues, is linked via
β-1, 4-glycosidic bonds, and is obtained via the
deacetylation of chitin. Chitosan has countless potential
for sorption of metal ions due to the presence of amino
and hydroxyl groups in its chemical structure.
Present study explored the fabrication of porous
electrospun mats of polylactic acid incorporated with
chitosan nanoparticles, synthesized by ionic gelation
method for cadmium(II) removal. For studying the
adsorption capacity of the membrane, we analyzed the
surface morphology, crystallinity, and thermal properties
of the electrospun membranes. It is hypothesized that the
introduction of nano chitosan (nCHS) would decrease
the fiber diameter as well as the pore size of the mem-
brane system. To this date no literature is available on
the use of nCHS as filler in the electrospinning process
of PLA.
2 | MATERIALS AND METHODS
2.1 | Materials
PLA used in this study was supplied by Shenzhen Bright
China Industrial Co. Ltd, Guangdong, China and has a
density of 1.24 g/cm3 reported by the supplier and the
chitosan (medium molecular weight) was purchased
from Marine chemicals, Cochin, India. The solvents used,
chloroform (CHCl3) (99% purity), acetic acid (>99%
purity) were purchased from Merck Chemicals, Mumbai
(India). Sodium tripolyphosphate (TPP) used for the syn-
thesis of chitosan nanoparticles purchased from Sigma-
Aldrich, Bangalore (India). Double distilled water was
used for all synthesis. Methane (>99.99% purity) supplied
by Air Liquide Company, Paris, France. Acetonitrile,
ethyl acetate, ethanol, acetone, and tetrahydrofuran all
gas chromatography (GC) grade (>99% purity) were pur-
chased from Sigma-Aldrich.
2.2 | Synthesis of chitosan
nanoparticle (nCHS)
Chitosan nanoparticles were prepared by the ionic gela-
tion method.[21] Five milligrams of chitosan (CHS) was
weighed in a clean, dry conical flask. Then, 100 mL 1%
acetic acid solution was added and the solution stirred
for one and a half hour using a magnetic stirrer. The
solution was filtered and 100 mL TPP (sodium
tripolyphosphate) was added to the solution, drop by
drop, using a burette and stirred for an hour. This solu-
tion contains micro as well as nanoparticles, from which,
the nanoparticles were separated using ultracentrifuga-
tion at 4000 rpm, and at 4C. Further the supernatant
was dialyzed for 24 hours to maintain neutral pH. The
dialyzed samples were freeze dried (Daihan Labtech,
Korea) to obtain the nCHS particles.
2.3 | Electrospinning
The Electrospinning method (Holmarc, Kochi, India)
was used to prepare neat PLA and PLA/nCHS fibers. Sep-
arately 12.5 wt% PLA and 0.05, 0.1, 0.5, 1 wt% nCHS in
chloroform was prepared and the two solutions were
mixed well using a magnetic stirrer (1,000 rpm) for
24 hours and then ultrasonicated (MSW-269) for
20 minutes just before electrospinning. The distance
between the needle tip and metallic collector was
adjusted to 15 cm and kept at an applied voltage of 15 kV
over the gap. The PLA-nCHS solution was fed by syringe
pump (with a flow rate of 1 mL/hour).
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2.4 | Fourier transform infrared
spectroscopy
Fourier transform infrared (FTIR) spectra of the mem-
branes were obtained using SPECTRUM 400 spectrometer
equipped with a PIKE Gladi attenuated total reflectance
system and deuterated triglycine sulphate (DTGS) system
on a diamond crystal with 15 scans at 4 cm−1 resolution.
Each spectrum was obtained within the range of
4,000–500 cm−1.
2.5 | Microscopy
The surface morphology of the samples was analyzed by
scanning electron microscopy (SEM) imaging. The micro-
graphs of the spun fibers were taken in JEOL, Model JSM
6390 (Japan) electron microscope with an accelerating volt-
age of 10 kV. The samples were coated with platinum to
avoid the electrostatic charge dissipation. Image J (version
1.44) software was used for the characterization of the SEM
micrographs.
Field emission scanning electron microscopy
(FESEM) images were obtained using a HITACHI SU
6600 Microscope with an accelerating voltage of 20 kV.
The surfaces of the PLA, PLA–nCHS nanocomposite
membranes were studied using FESEM.
Transmission electron microscopy (TEM) was per-
formed on a JEOL JEM-2010 high resolution transmission
electron microscope at an acceleration voltage of 120 kV.
2.6 | X-ray diffraction (XRD) analysis
The crystallinity of the materials (electrospun mem-
branes after the incorporation of chitosan and nano-
chitosan) was examined using a wide-angle X-Ray dif-
fractometer (D8- Advance, Bruker AXS, Germany). The
measurements were done at 2θ = 10 to 50, with Ni fil-
tered CuKα radiation source, having wavelength 1.54 Å
operated at 40 kV voltage and 25 mA current.
2.7 | Tensile measurements
Tensile testing of the electrospun mats were carried out
according to ASTM D 882 using Tinus Olsen H50 KT
Universal Testing Machine by applying a 500-N load cell
at a crosshead speed of 1 mm/min. All the samples were
cut into rectangles of dimensions of 6 × 1 cm2 and verti-
cally mounted in between two mechanical gripping units
of the tester, leaving a 3-cm gauge length for mechanical
loading. The sample thicknesses were measured with an
electronic screw gauge having a precision of 1 μm. The
average values of tensile property were obtained from the
results of five tests and expressed as the mean ± SD.
2.8 | Zeta potential measurement
Zeta potential measurement was done using Zeta poten-
tial Analyzer (Zetasizer 300 HAS; Malvern Instruments,
Worcestershire, UK). All measurements in this study
were taken at a temperature of 25C. A minimum of
three replicate measurements on each sample were taken
to check for result repeatability.
2.9 | Thermal analysis
The TGA measurements were carried out on a Q500
model (TA Instruments, New Castle, DE). Approximately
8.0–15.0 mg of sample was loaded into the open TGA plat-
inum pan then heated from 25C to 600C at a constant
rate of 10C/min. The thermal degradation data was ana-
lyzed using TA Universal analysis software (version 3).
The thermal transition behavior of the samples was
investigated using a Q200model (TA Instruments) bymodu-
lated differential scanning calorimetry (DSC) following
ASTM E1356-03 standard. The sample (3.0–6.0 mg) in her-
metically sealed aluminumDSC pan was first equilibrated at
25C and heated to 150C at 10C/min (first heating cycle).
The sample was held at that temperature for 10 minutes and
then cooled down to 0C at 10C/min, and subsequently
reheated to 150C at the same rate (second heating cycle).
Modulation amplitude and period were ± 1C and
60 seconds, respectively. The “TA Universal Analysis” soft-
ware was used to analyze the TGA and DSC thermograms.
The characteristics of non-resolved peaks were obtained
using the first and second derivatives of the differential
thermogravimetry (DTG) and differential heat flow.
2.10 | Contact angle measurement
The surface contact angles were measured by SEO Phoe-
nix 300 (version 8). The electrospun membranes were
positioned on the stage of the instrument. The contact
angle is measured as the tangent angle formed between a
liquid drop and its supporting surface. All the experi-
ments were performed at room temperature. The contact
angles could be calculated by the software through ana-
lyzing the shape of the drop. The contact angle θ was an
average of 50 measurements. Contact angle measure-
ments of nanocomposites of PLA with chitosan were done
at room temperature with distilled water. Total surface
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free energy from these measurements was calculated. The
contact angles were measured for each sample for at least
six to ten times.
2.11 | Inverse gas chromatography
Inverse gas chromatography (IGC) measurements of the
nanocomposites fibers of PLA/nCHS were carried out on a
commercial inverse gas chromatography equipped with
flame ionization and thermal conductivity detectors. The
IGC system was fully automatic with SMS IGC Controller V
1.8 Control Software. Data analysis was done using IGC
Standard Analysis Suite V 1.3 and IGC Standard Analysis
Suite V 1.21. The columns used were standard glass
silanized (dimethyldichlorosilane; Repelcote BDH, Poole,
UK) with 300 mm length and an internal diameter of 2 mm.
The samples were packed in the columns by vertical tapping
for 2 hours using the SMS sample packing device and condi-
tioned over-night at 40C followed by 2 hours at tempera-
ture analysis. The dispersive component of the surface free
energy was determined by applying four n-alkanes: heptane,
octane, nonane, and decane at 25C. Acetonitrile, ethyl ace-
tate, ethanol, and tetrahydrofuran were the polar molecules
used for the determination of the specific free energy and
acid–base surface character. The n-octane was used as the
probe molecule to determine the parameters of isotherm,
permeability, and diffusion experiments. All the measure-
ments were carried out at 0% relative humidity, a helium
flow rate of 10 mL/min, and in duplicate, producing an
experimental error below 4%. Methane was used as refer-
ence molecule for the calculation of dead time and helium
was used as carrier gas with a flow rate of 10 mL/min.
2.12 | Determination of heavy metal ion
concentration
The solutions containing desired concentration of Cd2+ was
prepared by directly dissolving cadmium chloride
(CdCl2•5H2O) in deionized water. The adsorption experi-
ments were carried out by suspending 0.1 g of PLA or
PLA–nCHS membranes in 50 mL cadmium chloride solu-
tions at room temperature under continuous stirring. The
amount of the adsorbed and unadsorbed Cd2+ in the solu-
tion was determined by measuring the concentration of the
metal ions by Atomic Absorption Spectrophotometer
(Perkin Elmer model AA 400), at every 30 minutes interval.
Concentration of the metal ion (%Metal) removed by the
electrospun membranes were determined by Equation (1).
Where R is the percentage of Cd(II) adsorbed by mem-
brane, CT is the total concentration of metal ions in mg/L
and Ce is the concentration of metal ions at time t in mg/L
.
R %ð Þ= CT−Ceð Þ=CT*100 ð1Þ
3 | RESULTS AND DISCUSSION
3.1 | FTIR characterization
Chitosan nanoparticles (nCHS) were prepared by the ion
gelation method from CHS solutions. The cationic and
anionic character of CHS and TPP, respectively, make
them suitable to interact through ionic exchange and,
consequently, obtain the cross-linked nanoparticles.
Figure 1a shows the FTIR spectra of CHS and nCHS. The
peaks at 3455 cm−1 in CHS and nCHS are due to the
FIGURE 1 The fourier transform infrared (FTIR) spectra of (a) chitosan (CHS) and nano chitosan (nCHS) and (b) polylactic acid
(PLA), PLA–nCHS composite, and nCHS [Color figure can be viewed at wileyonlinelibrary.com]
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─NH and ─OH stretching vibrations. Peak at 1540 cm−1
is assigned to N─H bending vibration of amide group.
The characteristic peaks for saccharide structure of
chitosan appeared in between 1,000 and 1,250 cm−1.
From the spectra of CHS and nCHS (Figure 1a), it was
confirmed that no structural changes occurred after the
formation of nCHS.[22]
Figure 1b represents the FTIR spectra of the PLA,
nCHS, and PLA–nCHS composites. The ester group in
PLA was confirmed by the characteristic band at
1750 cm−1. Note that the characteristic ester peak was
present in the neat fiber as well as in composite fibers.
Two characteristic peaks appearing at 1650 cm−1 (C O–
NHR) and 1,534 cm−1 (NH2) corresponds to the N─H
bend vibrations in primary amines, while, the amide
(C─N) band appears around 1,331 cm−1 (Zhao et al.
2014). The stretching vibrations ─OH and ─NH of
chitosan were found at 3100–3500 cm−1. The prepared
PLA–nCHS composites is characterized by the absence of
─OH and ─NH stretching vibrations of nCHS at
3100–3500 cm−1, which is the typical feature of chitosan.
This is because of the very low concentration of nCHS in
composites.[23,24]
3.2 | Morphological characterization of
composites by microscopy
The PLA/nCHS composites were evaluated by SEM in
order to acquire information about their morphology
which is also an important parameter for their possible/
specific applications. SEM analysis was used to assess the
fiber diameters and to reveal porous nature in the
nanofibrous structure. Figure 2 exhibits the SEM micro-
graphs of the surface of electrospun neat PLA and
PLA/nCHS at different concentration (0.05, 0.1, 0.5, and
1 wt%). The PLA/nCHS composites had a markedly
smaller average diameter compared to homogenous PLA,
FIGURE 2 Scanning electron
microscopy (SEM) images of (a) neat
polylactic acid (PLA) fibers,
(b) 0.05 wt% nano chitosan (nCHS)
loaded, (c) 0.1 wt% nCHS loaded,
(d) 0.5 wt% nCHS loaded, and
(e) 1 wt% nCHS loaded PLA fibers,
respectively
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which occurred due to the solution viscosity increment
by the controlled addition of nCHS into PLA. As seen in
Figure 2, at lower filler (nCHS) concentration, a reduc-
tion in filler diameter was observed with PLA/nCHS
composites. However, at higher filler additions, due to
the agglomeration of nCHS particles as well as the higher
viscoelastic forces of the solution, which resisted the axial
stretching during whipping, resulted in larger fiber diam-
eter.[25] That means increase in nCHS content will lead
to increase in viscosity while after 0.1 wt% concentration
the viscosity become very high, as a result the polymer
solution face a difficulty to stretch and resulting in larger
fiber diameter. Figure 3 represents the histogram of aver-
age fiber diameter of neat PLA and composites with 0.1
nCHS loading. It reveals that the fiber diameter decreases
drastically from 2000 to 1,000 nm range.
Figure 4a, b represents the FESEM image of neat PLA
and PLA loaded with 0.1 wt% CHS, respectively. The
characteristic secondary porous structure of PLA was
visible in both the images (see Figure 4a, b). The second-
ary porous structure can be believed to have been devel-
oped during the electrospinning process. The evaporative
cooling of solvent on the surface of the fibers and the
condensation of water vapor present in the atmosphere
on the fiber surface, during the path of the polymer jet
from needle tip to collector, creates an imprint on the
fiber surface called breath figures (see Figure 4). The
breath figures indicates the evaporative cooling of solvent
on the surface of the spun fibers, which might have hap-
pened during the path of the polymer jet from needle tip to
collector, where the water vapor present in the atmosphere
condenses on the surface of the fibers creating an imprint
on the surface.[24] Such type phenomena was previously
observed with electrospun PLA systems, and indicated that
the surface morphology of the systems are highly impacted
by the solution chemistry of polymer solvent system and
their phase separation dynamics.[24,26] Another reason for
the formation of such type secondary structure might be
FIGURE 3 Fiber diameter distribution histograms of (a) polylactic acid (PLA), (b) PLA + 0.1 wt% nano chitosan (nCHS)
FIGURE 4 Field emission
scanning electron microscopy
(FESEM) images of (a) neat
polylactic acid (PLA) and
(b) PLA loaded with 0.1 wt%
chitosan (CHS)
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the spinodal decomposition resulting in phase separa-
tion.[27] That means during electrospinning process, there
generates polymer-rich and solvent-rich regions due to the
thermodynamic instability of the spinneret. The polymer
rich region hardens rapidly than the solvent rich region
and hence pores are formed. Both these effects contribute
to the porosity of the individual fibers.[24] It was reported
before that the interconnected porous structure of the
electrospun fibers was generally attributed to phase separa-
tion by the spinodal decomposition mechanism.[28]
The pore size of the neat fiber and composites were
measured using image J software, version 1.44, and it
was found that there is a drastic decrease in the diame-
ter of the pore in composites. Figure 5 shows the histo-
gram of average pore size of neat PLA with 0.1 wt%
nCHS loading, which revealed that the pore size dra-
matically decreased to the nanoscale range in the case
of composites. TEM images were used for getting infor-
mation regarding alignment of nCHS particles on the
fiber surface. From the TEM images (Figure 6), the aver-
age sizes of the spherical nCHS particles were found to
be 21.9 nm (Figure 6a). The TEM image of PLA–nCHS
composite (Figure 6c) indicated that the chitosan parti-
cles were fully encapsulated into the PLA matrix.
3.3 | X-ray diffraction analysis
The effect of nCHS on the crystalline behavior of
electrospun polylactic acid membranes was studied by
FIGURE 5 Histograms representing the pore size of FESEM images of (a) neat polylactic acid (PLA) and (b) PLA loaded with 0.1 wt%
nano chitosan (nCHS)
FIGURE 6 Transmission electron microscopy (TEM) images of (a) nano chitosan (nCHS), (b) polylactic acid (PLA), and (c) PLA–nCHS
composite
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XRD analysis. The XRD patterns of the neat PLA mem-
brane and nCHS/PLA nanocomposites are shown in
Figure 7. The unprocessed PLA possesses a semi crystal-
line nature with two characteristic peaks at 16.8 and
19.2.[29] But the XRD plots of electrospun PLA and the
PLA–nCHS membranes represent amorphous character,
which strongly suggest that the molecular organization
was intensely influenced by electrospinning process.[30]
This is due to the stretching and rapid solidification of
the polymer solution, which almost completely hinders
the crystallization behavior of PLA.[31] However, the
diffractogram of nCHS does not have these peaks. This is
an indication of the destruction of crystalline structure of
chitosan during ionic gelation.[32] On comparison with
the neat PLA, electrospun membrane, there is a reduc-
tion in crystallinity and the increase in amorphous nature
with increase in filler content, which might be due to the
complexation between polymer and filler.
3.4 | Tensile strength
The stress–strain curves for electrospun PLA/ nCHS
nanocomposites are presented in Figure 8 and themechanical
properties are presented in Table 1. The tensile strength of the
PLA/nCHSmembranes increased with increasing nCHS con-
tent upto 0.1 wt%, while further increasing the nCHS content
has decreased the tensile strength of the membranes
(Figure 8). At lower concentration of nCHS the nano compos-
ite showed superior tensile strength compared with the neat
PLA membrane. At higher loading, after 0.1 wt% the tensile
strength seemed to be lowered. This is because of the aggrega-
tion of nCHS particles having large surface area and surface
energy, which leads to the poor dispersion of nCHS in PLA
matrix.[33] In addition, these aggregates of nCHS can act as
stress concentration centers which inhibit the stress transfer
from the polymer matrix to the fillers.[33] The good tensile
properties at lower concentration of nCHS particles arises as a
result of uniform stress distribution, minimized formation of
stress-concentration centers, increased interfacial area for
stress transfer from the polymermatrix to the fillers, decreased
fiber diameter.[34,35] These results indicated that
nanocomposite fibers with lower nCHS content have less
agglomeration, and finest fiber sizeswould produce fiberswith
bettermechanical properties. The SEM images provide a proof
for this observation. Owing to the fact that the electrospun
mats are non-woven fabrics, their mechanical properties are
also influenced by several factors including composition, mor-
phology of individual fibers and as well as interaction between
FIGURE 8 Stress–strain curve of polylactic acid (PLA)–nano
chitosan (nCHS) composites at different filler loading oriented
distribution in the membrane [Color figure can be viewed at
wileyonlinelibrary.com]
FIGURE 7 The X-ray diffraction (XRD) patterns of the neat
polylactic acid (PLA) membrane and nano chitosan (nCHS)/PLA
nanocomposites [Color figure can be viewed at
wileyonlinelibrary.com]













0.00 0.40 4.05 20.5
0.05 0.44 6.71 15.2
0.10 0.60 15.04 18.0
0.50 0.42 6.71 13.7
1.00 0.33 7.09 8.13
Abbreviations: nCHS, nano chitosan; PLA, polylactic acid.
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fibers. In the case of PLA–nCHS fibers with 0.1 wt% filler con-
tent showed the finest fiber sizes, and since many electrospun
fibers form membranes, they can thus provide more contact
and stronger cohesion among the fibers.[33]
3.5 | Thermal properties
Figure 9 represents the DTG curve for degradation of
PLA, nCHS, and PLA–nCHS composites. The nCHS loses
its moisture around 50–150C. The second thermal degra-
dation due to the polymer decomposition was observed
over a wide temperature range, from 250 to 340C.[22,36]
Only one degradation step was observed for the neat
polymer and for the composites, and the thermal stability
was better for the composites but did not change signifi-
cantly with increasing fiber content. The degradation of
nCHS in the composites was not observed as a separate
step (Figure 9), and we assume that this was due to the
low filler content and the good interaction between the
nanoparticle and PLA.[37]
The glass transition, crystallization and melting of the
samples are clearly observed in the DSC curves
(Figure 10). The glass transition temperature of the PLA
was around 60C and was not changed by the addition of
nCHS into it (PLA + nCHS composites). The nCHS con-
tent was too low and any anticipated influence that it
may have had on the polymer chain mobility was
dwarfed by the influence of the PLA crystals. A broad
exothermic transition around 110C (Figure 8) is due to
the cold crystallization of PLA.[37] Note that the intensity
of the peak was decreased with the increase in the nCHS
content. This indicates that the nanoparticles can either
act as nucleation sites for the crystallization of the poly-
mer or restrict the mobility of the polymer chains.[38]
3.6 | Zeta potential measurements
Zeta potential is related to the quantity and dissociation
of charged groups on the material surface and is a mea-
sure of stability of nanoparticles in the solution (Table 2).
Presence of positively or negatively surface charged
groups will result in a higher or lower zeta potential
value, where higher zeta potential value (despite of the
magnitude) refers to the stability of the suspension.[39]
Zeta potential value of PLA, CHS and composites are
shown in Table 2. It was clear (from the value presented
in the Table 2) that nCHS possess a high stability
(ζ = 39.6), which may be due to the ionization of free
amino groups of chitosan in aqueous medium to ammo-
nium ion (─NH2 to ─NH3
+). Note that the stability
observed for PLA is very low. The composite showed a
high zeta value compared to PLA because of the presence
nCHS and is indicative of the better interaction of the
nCHS and PLA.
3.7 | Contact angle measurements
Hydrophobicity as well as the surface energy character-
istics of the composites was assessed by the contact
angle measurements. Figure 11 represents the water
FIGURE 9 Differential thermogravimetry (DTG) curve of
polylactic acid (PLA),nano chitosan (nCHS), and PLA–nCHS
composites [Color figure can be viewed at wileyonlinelibrary.com]
FIGURE 10 Differential scanning calorimetry (DSC)
thermogram of polylactic acid (PLA), nano chitosan (nCHS), and
PLA–nCHS composites [Color figure can be viewed at
wileyonlinelibrary.com]
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contact angles measured for electrospun membranes.
Table 3 shows the contact angle values obtained for the
composites with increased filler concentration. It was
found that the contact angle values for 0.05 and 0.1 wt%
nCHS composites showed more hydrophilic nature
than the neat PLA. The results showed that when the
nCHS content in the solutions increased from 0 to
0.1 wt%, the water contact angles of the PLA nanofiber
membranes decreased significantly from 77 to 73. The
increment of the nCHS content has decreased the fiber
diameters and pore sizes of the modified membranes
and hence increased the surface roughness, which can
lead to a decrease of contact angle values, thereby
increasing the wetting ability of the fibrous membrane.
The surface free energy of PLA–nCHS composites were
calculated and are shown in Table 3. According to the
concept of wetting process, hydrophobic nature is
observed when the solid-vapor interfacial energy is low
and then tendency for spreading to eliminate the inter-
face will be less.[40] In order to reduce the surface
energy of the system nanofillers should properly
interact with polymer matrix.[41] Composites of 0.05
and 0.1 wt% nCHS shows significantly increased surface
energy as compared to neat PLA, which might be due
to the increase in free energy in mixing of two compo-
nents at the interface.
3.8 | Surface properties by inverse gas
chromatography
The electrospinning of the two biodegradable polymers
lead to a makeover of the surface composition and mor-
phology which strongly influence the surface properties,
which can be analyzed by IGC. The neat PLA displayed a
γs
d γds value of 35.36mJ/m
2 (Table 4) which agrees with
the values reported in the literature.[24] The PLA
nanocomposites exhibit a lower γs
d γds than the neat
matrix, which decreased with the increased addition








PLA–0.05 nCHS 76.14 34.52
PLA–0.1 nCHS 73.14 37.39
PLA–0.5 nCHS 78.12 32.67
PLA–1 nCHS 83.74 27.64
Abbreviations: nCHS, nano chitosan; PLA, polylactic acid.
TABLE 2 Zeta potential results of nCHS, PLA, and
PLA–nCHS
Sample Zeta potential value (mV)
nCHS 39.6 ± 4.7
PLA 3.36 ± 0.64
PLA–nCHS (0.1 wt%) composite 7. ± 2.8
Abbreviations: nCHS, nano chitosan; PLA, polylactic acid.
FIGURE 11 (a) Contact angles measurements for polylactic acid (PLA), nano chitosan (nCHS), and PLA–nCHS; (b) Surface free
energy measurements for PLA, nCHS, and PLA–nCHS
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nCHS into the PLA. This decrease can be associated with
the decrease in the number and/or in the energy of the
active sites determined through the Brunauer-Emmet-
Teller (BET) isotherms measurements with n-octane. The
energetic profile of nanocomposites showed in Figure 12
confirms this: a decrease of γds γs
d value is justified by the
decrease in the number of active sites and in the active
site's energy. Based on these results, the PLA
nanocomposites should become more hydrophilic: a
lower γs
d γds is an indication that the n-alkane probe mol-
ecules had lower interaction with the non-polar groups
on the surface of PLA nanocomposites. These results are
in agreement with the data obtained from the contact
angle measurements.
Four polar probe molecules (tetrahydrofuran, etha-
nol, ethyl acetate, and acetonitrile) were injected to
determine the specific component of the surface energy,
ΔGspd , of all nanocomposites at 25
C (Figure 13). Neat
PLA and PLA/nCHS nanocomposites exhibited strong
FIGURE 12 n-Octane heterogeneity profile to neat polylactic
acid (PLA) and PLA composites, at 25C [Color figure can be
viewed at wileyonlinelibrary.com]
FIGURE 13 Specific free energy of adsorption (ΔGspd ) to neat
polylactic acid (PLA) and PLA composites, at 25C [Color figure
can be viewed at wileyonlinelibrary.com]
FIGURE 14 Heterogeneity profile with (a) tetrahydrofuran
and (b) to neat polylactic acid (PLA) and PLA composites, at 25C
[Color figure can be viewed at wileyonlinelibrary.com]
TABLE 4 IGC results of neat PLA
and PLA with 0.1 and 1 wt% nCHS,
at 25C
PLA PLA/nCHS 0.1 wt% PLA/nCHS 1 wt%
γds (mJ/m
2) 35.36 34.53 32.86
Ka 0.08 0.08 0.13
Kb 0.15 0.19 0.27
Kb/Ka 1.88 2.38 2.08
Abbreviations: IGC, inverse gas chromatography; nCHS, nano chitosan; PLA, polylactic acid.
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interactions with acetonitrile, an amphoteric probe mole-
cule, which indicated the presence of both acid and base
groups in the materials surface. High content of chitosan
nanoparticles into PLA network leads to an increase in
the ΔGsps value which indicates the increase of the polar
groups on the surface of the nanocomposites. These
results are corroborated with the obtained energetic pro-
file from the acid probe molecule (ethanol) and basic
probe molecule (tetrahydrofuran) showed in Figure 14.
In both energetic profiles an increase in the number of
active sites at higher energy was observed with the nCHS
incorporation in the PLA. The Lewis acid–base constants,
KA andKB, were determinate through the ΔGsps value and
are presented in Table 4. Compared with the neat PLA,
all the nanocomposites exhibited an increase in KA and
KB constant, which indicates that the surface became
more basic with the incorporation of nCHS which is
more evident at 0.1 wt% nCHS (KB/KA = 2.38). Given the
lack of hydroxyl groups on PLA network to form hydro-
gen bonds with the chitosan amino groups, the basic
character of the composites has intensified with the
increase in nCHS addition.
3.9 | Atomic absorption spectroscopy
(AAS) analysis
AAS analysis was done to compare the heavy metal (Cd2+)
removal efficiency of the composite with neat PLA. The
percentage of cadmium(II) removal by PLA and PLA–
nCHS composite as a function of contact time is depicted
in Figure 15. The sorption of cadmium by the sorbent was
found to be very fast in the initial stage and showed a
gradual decrease thereafter and reached an equilibrium
value in approximately approximately 120 minutes. This
indicates the saturation of abundant vacant binding sites,
and after saturation point all these sites were in an occu-
pied state. The PLA fiber mats also showed an adsorption
capacity for the Cd2+ ion due to the secondary porous
structures of the PLA membrane. The adsorption of metal
ions on the bio sorbent surface depends on the availability
of metal ion around the microenvironment of the bio sor-
bent and the electrostatic interaction between them at the
sorption sites.[42] Nano chitosan can act as a bio sorbent
and the porous nature of electrospun membrane will facil-
itate the adsorption capacity of the membrane. The hybrid
PLA/nCHS fibers possess high surface roughness due to
the nanometer-scale pores distributed on the surface of
the fibers, and small fiber diameter, which would provide
the relevant fibrous membrane with a higher probability
of capturing the target particles, finally enhancing the fil-
tration performance.
4 | CONCLUSION
nCHS act as a reinforcement and increase the sorption
capacity of electrospun PLA membrane. In addition to this
the addition of nCHS decreased the diameter of the fibers
and also decreased the pore size of the secondary porous
structure upon 0.1 wt% addition of nCHS. The thermal
and FTIR studies did not give any indication for the incor-
poration of nCHS into the PLA membranes, which may be
due to the low chitosan content. The tensile strength of
the composite was improved upto 0.1 wt% of nCHS is an
indication of uniform distribution of nanoparticles and
nCHS decreased the crystallinity of the composite mem-
branes. Zeta potential analysis indicated the high stability
of the composites. Contact angle measurements suggested
that the PLA–nCHS system become hydrophilic and the
surface energy of the system increased upto 0.1 wt% due to
the increase in free energy in mixing of two components
at the interface. IGC analysis revealed that nCHS incorpo-
ration into the PLA makes the surface more hydrophilic
and with a stronger basic character. The porous natures of
electrospun membranes facilitate its use as a filter for
heavy metals from water. The results suggested that the
composite offer about 70% Cd2+ removal. Hence, we can
use PLA–nCHS composite as an effective material for the
removal of Cd2+ from wastewater.
ORCID
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FIGURE 15 Percentage of cadmium(II) removal by polylactic
acid (PLA) and PLA–nano chitosan (nCHS) composite as a function
of contact time [Color figure can be viewed at
wileyonlinelibrary.com]
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